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ABSTRACT
SELECTIVE EXTRACTION OF AQUATIC SEDIMENTS
by
Carolyn Kheboian Howard 
University of New Hampshire, May, 1988
Sequential selective extraction procedures have been 
developed to determine the fate of potentially toxic trace 
metal pollutants in aquatic sediments. These multistep 
procedures operate through the application of reagents of 
increasing strength which solubilize different components of 
a sediment, thus releasing associated trace metals. 
Evaluation of the accuracy of these procedures is impossible 
with natural sediments because the location and 
concentration of trace metal pollutants are not known. 
Synthetic sediment standards must be made available to test 
extraction procedures.
For this research, model aquatic sediments are produced 
by combination of individually synthesized geochemical 
phases. Each phase is doped with a trace metal contaminant, 
such as copper, lead, nickel, or zinc. Since the 
compositions of the model sediments are known, they are used 
to evaluate an extraction procedure. The results indicate 
that extraction procedures are susceptible to several 
deficiencies including inadequate reagent strength, 
nonselectivity of extracting reagents, and redistribution of 
extracted elements onto residual phases.
The problem of redistribution is addressed by 
incorporating an ion-chelating resin, poly-dithiocarbamate, 
into the extraction procedure which competes with residual 
sediment phases for extracted elements. A model sediment is 
produced with a calcium carbonate phase which contains all 
the trace metal contaminants and with an undoped iron 
oxyhydroxide phase for scavenging extracted elements. The 
sediment is subjected to a sodium acetate extractant which 
can solubilize the contaminated phase. A portion of the 
resin is placed in the extractant to trap metals as they are 
extracted. The resin is successful in capturing some but 




Aquatic sediments are composed of geochemical phases 
which include both inorganic fractions, e.g. carbonates, 
oxides, and silicates, and organic fractions, e.g. humic and 
fulvic acids. Those phases are deposited in sediments from 
terrigenous and biogenic sources. The biogenic sources are 
calcareous and siliceous oozes which come from the remains 
of aquatic microorganisms. Terrigenous sources result 
primarily from wind, water, and ice erosion of terrestrial
materials. Figure 1.1 depicts the various methods by which
1
terrigenous sediment enters the aquatic environment. 
Because fresh water systems are fed primarily by ground 
runoff and by rivers, they contain more terrigenous 
sediments. Conversely, marine sediments are more biogenic 
because the huge population of microorganisms contributes a 
significant amount of sedimentary material relative to the 
amount provided from rivers.
The elements listed in Table 1.1 combine to provide
2
the basic framework of phases in sediments. Intermingled 
with the "major" phases are many trace metallic elements. 
These trace metallic elements, many of which have toxic 
activities, are contributed by both natural and 
anthropogenic sources. The concentration of these trace 
elements can range from parts per billion (ppb) in
1
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unpolluted areas to thousands of parts per million (ppm) in 
highly industrialized and polluted areas.
Since the trace elements emanate from different 
sources, their associations with major phases within 
sediments can vary greatly. There are several reasons for 
consideration of trace element associations within sediment 
matrices. These reasons simplify into two questions: 1 )
What are the origins of trace elements?, and 2) What is the 
availability of the elements once deposited in the 
sediment?. Disciplines which utilize the answers to these 
questions include environmental chemistry, environmental 
engineering, aquatic biology, agronomy, and geochemistry. 
In these areas it can be critical to be able to separate the 
different phases found in sediments and identify the trace 
elements associated within those phases.
While the question of trace element source is valuable 
to geochemistry and basic pollution studies, a more 
interesting question is that of availability of the trace 
elements. The activity of these elements is ultimately 
controlled by the solid phase forms within the sediment. 
Some elements are loosely bound to exchange sites on clay 
phases and are relatively labile. Others are contained 
within the framework of the silicates and are thus 
relatively inert. Still other elements, associated with 
oxides, sulfides, and carbonates, are controlled by the 
complex solubility equilibria between sediment and water. 
Thus, their activities are dependent on the pH, the ionic
4
strength, and the Eh of the aqueous environment.
The question of availability is not confined to 
chemical properties; there are also physical and biological 
factors. The disturbance of sediment layers by natural 
turbulence or by mechanical dredging can expose new 
sediment-water interfaces for trace element exchange. 
Benthic feeders can digest all or a fraction of the sediment 
phases. With this the toxic elements can enter and 
accumulate in the food chain. The combination of chemical, 
physical and biological activities at the sediment-water 
zone requires precise knowledge of not only how much toxic 
metal is present but whether it is or can be in an available 
form.
Phase selective chemical extraction is one technique 
that has been used to speciate trace metals in sediments. 
In most extraction procedures a sample of sediment is 
exposed sequentially to a series of increasingly aggressive
3
reagents. Thus, trace elements which are weakly bound or 
associated with readily soluble phases are separated from 
elements which are associated with phases which are 
chemically inert. The development of extraction procedures 
is based on the presence of phases which differ widely in 
chemical activity and mode of association with trace metals. 
Figure 1.2 illustrates the different phases and associations
and the methods that may be used to differentiate their
4
contents.
Several sequential extraction procedures have been 
developed. Some of these extraction schemes are listed in
5
Figure 1.2 - Typical soil and sediment phase types and 
methods to separate phases chemically.
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Table 1.2. They are similar but variations are noted in
strength of reagents and order of reagent attack. Most are
collections of reagents which appear to be selective for
certain phases in single step extractions. A different
14-approach for selecting extractants was employed by Luoma.
15 He used statistical correlations between sediment metal 
content and bioaccumulation in benthic feeders to develop a 
selective extraction scheme.
Some reviews have been published on selective
A « J" A  A
extractions. ' " Two major experimental problems with
sequential extractions have been recognized: nonselectivity
of extractants and trace element redistribution among phases 
during extraction. Generally it is difficult to associate a 
given extractant with a particular geochemical phase. An 
extractant, such as an acetate buffer, may attack a 
geochemical phase (carbonate minerals) with high efficiency, 
but the extractant may attack other phases to a lesser 
extent. This is the nonselectivity problem. The other 
problem, redistribution, occurs because trace elements 
liberated by one extractant have an opportunity to 
reassociate with remaining undissolved sediment components 
before recovery of the extract. Both processes scramble the 
true phase association of the trace elements thus 
complicating interpretations.
Most validation studies have focused on selectivity and 
extraction completeness rather than redistribution and were 
conducted predominantly from the standpoint of major phase 
elements rather than trace elements. Tessier et a l .
7
Tible 1.2 - Selective extraction schemes. Methods are 
listed with reagent and attached phases.
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3
measured Al, SI, Ca, S, inorganic C, and organic C, in
leachates and residues of river sediments tc establish
5
removal of major phases. Similar studies have been carried
out on sediments, soils, and natural and synthetic 
12 21-25minerals. ' Characterizations of the results of
selectivity ranged from "useful" to "inadequate". These
studies were limited to the major phase elements and assumed
that trace elements mirrored their major phase counterparts.
One study by Rapin and Forstner tested reagents from the
extraction procedure by Tessier for trace element
12selectivity with several mineral phases. Not all trace
metals were extracted along with the major phase, indicating
that the selectivity of a reagent cannot be based on its
selectivity for major phases.
These studies overlook the nontrivial problem of
redistribution. Guy et al. doped copper and lead into humic
2 6acid, bentonite clay, and manganese oxide. Extraction of
humic acid or clay in the presence of the other two
components recovered less metal than when the humic acid or
clay was extracted alone. Readsorption of dissolved metals
was inferred. Rendell et al. determined that most
extractant solutions could not prevent cadmium, copper, and
lead from reassociating with natural sediments and thus may
not prevent readsorption of metals released during 
27extractions. Tipping et al. found direct evidence of
redistribution when manganese oxide in mine wall deposits
was selectively separated from iron oxide using 
2 3hydroxylamine. Microprobe analysis before extraction
9
indicated lead in the manganese phase but none in the iron
phase. After extraction, lead was present in the iron phase
but not in the extract solution. Dominik et al. found that 
210Pb was extracted from sediments in the first steps of one
210extraction procedure, but its daughter element Po was not
29extracted until the final step. Both elements should have
been found in the same phase because of the mother/daughter
relationship. The authors ascribed this behavior to the
redistribution of Po.
Some researchers have suggested that all of the
extraction procedures are subject to errors and separated
phases should only be operationally defined. Thus, elements
released in a sodium acetate extractant should be labelled
sodium-acetate-extractable and not associated with any
specific substrate. This avoids the real problem of not
having an objective method to evaluate the accuracy or the
causes of inaccuracies. Normally one would evaluate the
performance of an analytical technique by testing a standard
reference material. However, there are no natural sediment
standards available for which the distribution of trace
metals is known.
Part of the problem is fundamental to the nature of
aquatic sediments; they are in dynamic equilibrium with
their surroundings. When a sediment is exposed to a variety
of extractants, one cannot expect its composition to remain
constant. Forstner introduced a "standard" extraction
17procedure which he feels can be used on most sediments.
10
But natural sediments vary greatly in chemical composition 
such that one can question whether it is reasonable to 
assume that a single extraction procedure would be suitable 
for all metals in all sediments. Therefore, alternate 
methods for evaluating the accuracy of extraction procedures 
must be developed.
The object of this research project is to advance the 
use of model sediments for evaluation of extraction 
procedures. As will be described in Chapter 3, several 
researchers have used models to test different aspects of 
extraction techniques, such as reagent strength and 
selectivity. In this study model sediments are prepared 
through the combination of individual synthetic geochemical 
phases. Each phase is doped with one or more trace metals 
and characterized by several techniques. Thus, the 
composition of each model sediment is known and becomes a 
standard for evaluation of extraction procedures.
11
CHAPTER II
SYNTHESES OF PHASES 
Introduction
The ability to evaluate selective extraction procedures 
is dependent on the availability of synthetic sediments 
which adequately represent their natural counterparts. In 
order to synthesize such sediment standards it is first 
necessary to produce individual well-characterized 
geochemical phases which are similar to the components of 
natural aquatic sediments. Many of the phases in sediments 
have been implicated in the availability of trace metal 
pollutants to the aquatic environment. Typically, the 
phases within sediments can trap trace metals by specific 
adsorption onto active surface sites, by incorporation into 
crystal lattices, or by precipitation as a mixed solid.
Since most of the synthetic phases can be formed by
simple precipitation reactions under controlled conditions,
the simplest methods for introduction of dopant metals into
synthetic phases are "coprecipitation" and "adsorption".
''Coprecipitated" solids are prepared by adding a
concentrated aqueous solution of the doping metal to an
aqueous solution of major phase element prior to addition of
the precipitating reagent. Thus, for a solid such as
calcite (CaC0 3 ), a concentrated solution of the dopant would
+ 2be added to a solution of Ca before precipitation with a 
_ o
CO3 solution. To make an "adsorbed" solid, a dried,
12
isolated sample of a particular phase is suspended in a 
dilute aqueous solution of the doping element.
Several phases that were used in this project were 
developed by other research group members. A discussion of 
these syntheses is not given in this work. This chapter 
describes only syntheses and analyses for phases produced by 
the author: amorphous iron oxide, goethite, and illite.
Iron Oxides
Several researchers have demonstrated the ability of
iron oxides to act as trace metal sinks in the aquatic 
30-38environment. In nature these oxides are readily
precipitated at the pH levels found in aquatic systems.
Freshly precipitated iron oxides are amorphous because of
incorporation of water molecules into their structure.
Commonly, these fresh precipitates are labelled ferric
oxyhydroxides or hydrous ferric oxides. Upon aging the
oxides dehydrate to produce a more crystalline form. With
the wide variety in forms, iron oxides can act in many
capacities: as coatings on particles, as cementing material
32in aggregate particles, or as individual particulates.
The ability of iron oxides to bind metals decreases as 
crystallinity increases. Table 2.1 illustrates the 
difference between metal binding capacities for freshly 
precipitated hydrous ferric oxides and a more crystalline 
form, goethite.3 2 It is clear that both can contribute 
significantly to uptake of metals by a sediment.
There is evidence in the literature that hydrous ferric 
oxides can act as controlling factors in trace metal
13
cycling by both coprecipitation and adsorption 
33-34mechanisms. Experimental determinations support both
mechanisms as dominating in the environment because the
results are dependent on the selected experimental
conditions, i.e., the method of oxide synthesis, trace
metals present, and the presence of potential interferents
34such as humic substances. Despite clear evidence for a 
dominant mechanism, there is strong agreement that hydrous 
ferric oxides play an important role in the removal and 
availability of many toxic metals.
14
Table 2.1 - Binding capacity of various iron oxide forms.
Capacities are reported in miitoles metal/gram.
Calculated metal binding capacity o f hydrou* iron oxides
Adsorbing cation
G oethite (oO m 5 g ' 1) 
(mmol % )
Iron oxyhydroxide (600 m 1 g~ 1) 
(m m olg*1)
Pb(II), unhydrated 1.9 22
Pb(II), hydrated 0.17 2
Co, Zn, o r Cu (II), 5,2 62
unhydrated
Co, Zn, or Cu (II), 0.22 2.6
unhydrated
Mg (II), unhydrated 6.1 73
Mg (U), hydrated 0.22 2.7
Tritium  exchange ■ 1 ~  8
m ethod and crystal*
lographic calculations




Illite is a nonexpanding aluminosilicate clay. A
typical structure of illite is shown in Figure 2.1. It
consists of 3 layers, two layers of silicon atoms in a 
tetrahedral arrangement which sandwich a layer of aluminum 
atoms in a dloctahedral arrangement. The layers are inter- 
and intra-connected by oxygen atoms. In the octahedral 
layer some trivalent aluminum ions are replaced by other 
divalent cations, such as magnesium or iron, which causes a 
net negative lattice charge which is balanced by a super­
sandwich of potassium ions. Only the potassium ions on the
39surface of the clay can participate in ion exchange.
The exchange capacity of illite clays has been measured
40with several different metds. Since exchange can occur
only at the surface of individual particles the importance
of illite as a source of metals is very dependent on
particle size. Clays are not as important in the binding of
metals as are iron oxides. However, their role as an active
surface for coatings of oxides or dissolved organic matter
may be important in determining the fate of trace metals in






Figure 2.1 - Unit cell structure of illite.
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Ferric nitrate nonahydrate, sodium hydroxide, potassium 
hydroxide, and all concentrated acids were reagent grade 
(Baker, Fisher). House deionized water was further 
deionized by elution through a mixed bed deionizing column 
(Barnstead Sybron). Illite, Cambrian Shale Silver Hill, 
Montana (Clay Minerals Society) was pulverized in a ceramic 
mortar prior to purification. Illite was wet sieved through 
a 45 urn stainless steel sieve (Fisher No. 323) to remove 
large particles. Elemental standards, copper, lead, nickel, 
and zinc, used to dope solids were atomic absorption 
standard solutions (Fisher).
All volumetric glassware (Kimax, Pyrex) was washed with 
10% HNO3 prior to use. All containment glass, plastic 
(linear polyethylene-LPE), and teflon (TFE) vessels were 
washed in 10% HNO3 also. Polycarbonate (PC-Nuclepore) and 
polysulfone (Nalgene) filter assemblies were acid washed, 
while PC filters (0.4 yum-Nuclepore) were rinsed several 
times with doubly-deionized (dd) water. Eppendorf 
micropipets were used to transfer solutions. The Teflon 
container in the acid digestion bombs (Parr) was cleaned by 
filling with a combination of hydrofluoric acid, aqua regia, 
and water and heating at 110°C for several hours.
Solids were dried by lyophilization for several hours 
using a bench top freeze-dryer (Labconco 75352) with vacuum 
pump (Sargent Welch model 8811). Measurements of pH were 
made with an Orion lonanalyzer model 501 pH meter equipped
18
with a combination pH electrode and a Ag/Agcl reference. 
Powder X-ray diffraction was performed on dried solids 
using a General Electric model XRD-3 diffractometer. 
Samples for diffraction analysis were mounted on glass 
slides with double face adhesive tape.
Concentrations of trace and major elements in solids 
were determined by flame atomic absorption spectrophotometry 
(Instrumentation Laboratory model 951). Atomic absorption 
standards (Fisher) were used in analyzing for copper, lead, 
nickel and zinc by standard additions. Elemental iron and 
calcium carbonate (Spex Industries) were dissolved in aqua 
regia and hydrochloric acid, respectively, to prepare 
concentrated standards for atomic analyses.
Procedures
Hydrous Ferric Oxides. The precipitation of hydrous 
ferric oxides (HFO) was accomplished by adding solid sodium 
hydroxide pellets to a concentrated (0.62M) aqueous solution 
of ferric nitrate nonahydrate until pH 7 was exceeded. 
Sufficient standard copper solution had been added to this 
ferric nitrate solution to precipitate an oxide that was 
approximately 1 weight percent copper.
The resulting rust-colored solid was recovered by 
vacuum filtration and dried in an oven at approximately 
150°C for 24 hours. The dried solid was ground with a 
porcelain mortar and pestle and then transferred to an LPE 
container. A sample was dissolved in concentrated 
hydrochloric acid and diluted to volume in a volumetric
19
flask. The concentration of copper was determined by flame 
atomic absorption spectrophotometry using a standard 
additions approach.
To determine the crystalline form of the dried solid a 
sample was analyzed by powder X-ray diffraction using an 
iron lamp with a manganese filter. This provides a X-ray 
of 1.93728 fl.
Goethite. A procedure to synthesize goethite was
43adapted from Atkinson et al. Ferric nitrate nonahydrate 
was dissolved in water (50 g into 825 mL) and transferred to 
an Erlenmeyer flask. A sufficient volume of an aqueous 
solution of nickelous nitrate (5.50 mL of 1000 ppm) was 
introduced to the ferric solution to coprecipitate a solid 
with a 500 ppm nickel concentration. Precipitation of 
hydrous ferric oxide was accomplished by adding a 
concentrated aqueous potassium hydroxide solution (200 mL of 
2.5N KOH) to the ferric solution with the ratio of ferric 
ions to hydroxide ions equal to 1:4. The mixture was then 
aged for 24 hours at 60°C in an oven to convert it to 
goethite.
Following aging, the solid was allowed to settle and 
the supernatant solution was poured off and replaced with 
water. The solid was agitated to suspend it in the water 
and then allowed to settle at room temperature for 24 hours. 
Supernatant was removed again and more water was added. 
This solution exchange was performed 3 more times in order 
to remove as much of the residual salt as possible. After 
the final settling the precipitate was collected on ashless
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filter paper (Whatman #40) by vacuum filtration. The solid, 
while still attached to the filtration apparatus, was washed 
several times with water. The collected solid was freeze- 
dried for 2 1/2 hours, then stored in an LPE container.
Another sample of goethite was precipitated as 
described above without the addition of nickel in the step 
prior to precipitation. Instead, a portion of the solid was 
suspended in an aqueous solution of nickelous nitrate 
through the use of a magnetic stirring plate. The amount of 
nickel introduced to the solution was sufficient to produce 
a solid with a nickel concentration of 500 ppm if 
quantitative uptake of the soluble nickel by the solid 
occurred. The solid was allowed to equilibrate with the 
solution for 3 1/2 hours. The solid was then collected by 
vacuum filtration using a 0.4 jitn PC filter and PC filter 
assembly. Following filtration, the solid was freeze-dried 
for 6 1 / 2  hours then transferred to a glass vial.
Both "coprecipitated" and "adsorbed" solids were 
dissolved in concentrated hydrochloric acid and analyzed for 
nickel and iron content by flame atomic absorption 
spectrophotometry using a standard additions approach. Both 
solids were later checked for contamination by copper, lead, 
and zinc. Powder X-ray diffraction was used to determine 
crystalline form of both solids. For the "coprecipitated" 
solid, a chromium source with vanadium filter was used 
producing a Cr X-ray of 2.28962 Si. An iron lamp with 
manganese filter (1.93728 Si) was used to analyze the
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"adsorbed" solid. Angular dispersions were converted to 
interplanar spacings using the Bragg equation. Spacings 
were compared to reference standards from the Joint 
Committee on Powder Diffration Standards (JCPDS) card file.
Illite. Approximately 50 grams of illite was
pulverised in a porcelain mortar and pestle and then
transferred to an acid washed LPE container. The illite was
then subjected to an extraction procedure which is
illustrated in Table 2.2. The extraction procedure,
39developed by Page , is designed to eliminate soluble salts, 
carbonates, organic matter, and amorphous iron hydrous 
oxides from the illite. After completion of the extraction 
the illite was wet sieved through a stainless steel sieve 
(Standard No. 325). Particles were collected and freeze- 
dried for 29 1/2 hours.
Illite was analyzed by X-ray diffraction using a 
special slurry mount procedure. In the usual x-ray 
diffraction mount procedure, a small amount of dry solid is 
pressed onto a adhesive-covered glass slide. This type of 
mount crushes the delicate lattice spacings in illite and 
causes an indistinct diffraction pattern. The slurry 
procedure, which is gentler, requires that a small amount of 
water be added to the dried solid then the slurry applied to 
the diffraction mount. The slurry is allowed to dry in an 
oven before it is scanned. Mounts of illite, before and 
after purification by extraction, were prepared and analyzed 
using a copper lamp with nickel filter which produces a Cu 
X-ray of 1.54050 S. As with the iron oxides, angular
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Table 2.2 - Procedure for "precleaning" illite.
Reagent
1. 0.1 M HC1
2. 1.0 M NaCl
3. 1.0 M HCl 
30% H 20 2 
Low heat







5. 0.3 M NaCitrate Remove iron oxides
1.0 M NaHCg3 
Heat to 75 C 
NaDithionite 
Decant
6 . Repeat step 5.
7. 0.3 M NaCitrate Wash
8 . 1.0 M NaHC03
9. 1.0 M NaCl
10. 0.001 M Na2 CC>3




2 layers of solid
- It. green (upper)
- dk. green (lower)








dispersions were converted to interplanar spacings and then 
compared with standards from the JCPDS card file.
A sample of illite was digested in a Teflon acid 
digestion bomb using a combination of hydrofluoric acid, 
aqua regia and water. The mixture was heated at 110°C for 3 
hours. After cooling, boric acid was added to the contents 
of the bomb to react with any excess hydrofluoric acid. The 
resulting slurry was filtered through a 0.4 ^ um PC filter 
using a polysulfone filter assembly (see Appendix A). The 
collected solution was diluted with water in a volumetric 
flask. Aliquots of the diluted solution were analyzed for 
copper, lead, nickel, zinc, iron, and calcium by flame 
atomic absorption spectrophotometry using a standard 
additions approach for all elements.
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Results and Discussion
Hydrous Ferric Oxides (HFO)
One of the most obvious differences between the
amorphous ferric oxyhydroxide and the goethite was the color
of the solids; the former has a deep rust color while the
latter was more golden in tone. This observation is
significant because the initial precipitate of the goethite
was a deep rust and only changed in hue upon aging.
However, a color difference is not an objective
determination of differences in crystal form. For this
reason powder X-ray diffraction was employed.
The X-ray diffraction patterns for the three different
forms of iron oxides: amorphous, "coprecipitated" goethite,
and "adsorbed" goethite, are shown in Figure 2.2. Clearly,
the lack of character in the scan of amorphous solid
confirms that this solid does not possess any distinct
crystal form. Harvey and Linton, who studied HFO by XRD,
thermogravimetric analysis (TGA), and X-ray photoelectron
spectroscopy (XPS), attribute the amorphous appearance of
HFO to an increased amount of physically adsorbed water as
compared to other more highly crystalline forms of iron 
44oxides. Since the synthesis used by Harvey and Linton is 
analogous to the one described here, their stoichiometry of 
Fe2 0 3 *2.2 4 H 2 0  for HFO may be applicable.
Both diffraction patterns for the synthetic goethite 
samples show only the characteristic spacings of goethite. 
The relatively wide peaks may indicate small crystal size or
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Figure 2.2 - Powder X-ray diffraction patterns of the
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some degree of amorphous character. As previously
mentioned, it has been postulated that physically adsorbed
44water may play a role in the peak width. However, work
performed by Hill did not demonstrate a significant
difference in peak width as a function of freeze-drying time
45for goethite samples. Therefore, physically adsorbed 
water must play a less important role in the determination 
of peak width for the synthetic goethite system. There are 
no differences visible between the "coprecipitated" and the 
"adsorbed" forms of goethite.
No further attempts were made to determine whether 
there were morphological differences between nickel of 
"adsorbed" and "coprecipitated" forms. Secondary ion mass 
spectrometry (SIMS) studies on a lead-calcite system 
synthesized in a similar manner indicated a higher 
concentration of lead on the surface of "adsorbed" calcite 
particulates.4 6  This surface enrichment was absent in 
"coprecipitated" particles. Since the approach of doping 
metals was similar for the two systems, it is expected that 
nickel was surface enriched only on the "adsorbed" goethite 
particles.
The elemental analyses of the different iron oxides are 
presented in Table 2.3. While only limited analyses were 
performed on the amorphous sample, an extensive workup was 
done on the goethite samples. This was done to determine if 
individual phases were contaminated with any of the other 
trace elements (copper, lead, or zinc). None of the those 
were detected in either goethite sample.
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Table 2.3 - Elemental concentrations of the synthetic 
iron oxides as determined by FAA.
All concentrations reported in^/lg/gram solid 
(dry weight)-
Substance Cu Pb Ni Zn Fe
HFO 1210 * * * *
NCG - - 510.8 - 5.75X105
NAG - - 528.6 - 5.90X105
HFO = hydrous ferric oxide with "coprecipitated" copper 
NCG = goethite with "coprecipitated" nickel 
NAG = goethtite with "adsorbed" nickel 
* = analysis not performed 
- = none found
28
Illite
The powder X-ray diffraction patterns of the sodium and 
potassium forms of illite are shown in Figure 2.3. The 
primary difference between the two spectra is the shift of 
the 2.60 51 d spacing to 2.80 ft in the sodium form. The
large lump from 5.90 ft to 2.25 ft is an artifact of 
inhomogeneous particle size, indicating the presence of very 
small particles.
The elemental analysis of illite is shown in Table 2.4. 
Despite the extraction procedure to remove contaminating 
phases, there was still a significant quantity of copper, 
nickel, zinc, and iron. While the iron was expected because 
it can substitute for aluminum atoms, it was not known at 
this point how these atoms, including the iron, were 
distributed within the illite layers. This is an important 
consideration for this work so a separate extraction 
(discussed in the next chapter) of the purified illite was 
performed. in brief the results of that extraction 
indicated that the copper was loosely bound to the clay and 
could be removed under mild conditions. The bulk of the 
zinc was not as easily removed as the copper but could still 
be eliminated without destroying the integrity of the clay. 
The iron and nickel could not be retrieved without complete 
dissolution of the illite sample implying that they were 
incorporated into the clay structure.
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Figure 2.3 - Powder X-ray diffration patterns of Na- and r e ­
forms of illite. Peaks are labelled with d- 
spacing (&).















Table 2.4 - Elemental analysis of "precleaned" illite.
All concentrations reported in ^ g/gram illite
Sample Cu Pb Ni Zn Fe Ca
Illite 42.8 - 68.5 285.2 3.54X104 -
- = none found
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Summary
The goal of this portion of the research was to produce 
individual geochemical phases which adequately represent 
their natural counterparts. Illite, an aluminosilicate 
clay, was treated with a variety of extractants to remove 
contaminating phases. The procedure did not completely 
eliminate trace metal contaminants from the clay. The clay 
can still be used in model sediments once the behavior of 
its trace metals is determined in the extraction procedure.
Three particulate iron oxide phases were synthesized 
for model sediments. Although iron oxides are more commonly 
present in sediments as coatings rather than individual 
particulates, the particulate phases allowed a simpler 
approach for incorporating dopant metals. Dopants were 
introduced to those phases by two different routes, 
"coprecipitation" and "adsorption". Even though the actual 
dopant-phase association is not known, the higher 
availability of dopant metals in "adsorbed" phases to 
extractants (Chapter 3) is sufficient to distinguish 
"adsorbed" from "coprecipitated" phases.
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CHAPTER III
SELECTIVE EXTRACTION OF MODEL AQUATIC SEDIMENTS
Introduction
Of the several selective extraction schemes introduced
in the first chapter, the procedure developed by Tessier et
al .5 is one of the best documented and widely accepted
This extraction separates trace metals into five nominal
fractions: exchangeable, bound-to-carbonates, bound-to-
iron/manganese oxides, bound-to-organics and sulfides, and
residual or bound-to-silicates. This separation is
accomplished by the sequential application of extractants
ranging from an aqueous salt solution at neutral pH to an
exhaustive acid digestion of solids. A summary of the
extraction procedure is shown in Figure 3.1.
Several researchers have used this extraction procedure
on a wide variety of solid samples.36' 38, 4 7 - 5 6  Tessier et
al. have used the procedure in the analysis of river and
36 38oxic lake sediments. ' They have also applied the
procedure to sediments that were divided into several size
fractions. In that manner, improved speciation of trace
elements was achieved, since both size fraction and phase
47affiliation were determined. Other workers have applied 
the procedure to sediment core samples to observe change in 
element speciation as a function of depth.4 9 ” 5 0
Additionally, several researchers used modified 
versions of the Tessier extraction procedure, presumably "to
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Figure 3.1 - Selective Extraction Procedure (Tessier et al.)
Reagents
Sediment Sample
8.0 ml 1M MgCl2 
1 hr. room temp, w/agitation
Centrifuge 
Remaining Solid
8.0 ml 1M NaOAC pH 5 
5 hrs. room temp, w/agitatior
Centrifuge 
Remaining solid
20.0 ml 0.04M NH2OH HCl 
in 25% CH3 COQH 





3.0 ml 0.Q2M HNO3 , 5.0 ml 30% H 20 2
2 hrs. 85 C w/agitation
3.0 ml 30% H2 0 2
3 hrs. at 85 C w/agitation
Cool
5.0 ml 3.2M NH4 OAC, 4.0 ml H20 






* Centrifuge at 2500 rpm for 30 mins., wash 












with 8 . 0  ml of
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51 — 53improve" results. Other workers, who have developed
their own extraction procedure, often compare the results 
from their procedure to those obtained with the Tessier 
procedure.10, 5 5 The intent of comparisons leads to 
conclusions on the accuracies of both procedures.
Another problem associated with any well documented 
procedure, such as the Tessier extraction, is that it can be 
misapplied. Some researchers are concerned with trace 
element species in soils, sewage sludges, and street
R fi — R 7
dust. While all of those substances are similar to
aquatic sediments, no extraction procedure should be applied 
casually to a medium for which it was not designed. Soils, 
sewage sludges, and street dust share many common components 
with aquatic sediments. However, they might also contain 
phase types or amounts which were not considered in the 
development of the extraction procedure. Clearly, this type 
of application is a misuse of the Tessier extraction, but it 
indicates that extraction performance should be tested on a 
wide variety of samples.
Thus, critical to the continued application of the 
Tessier extraction procedure is the development of a method 
to evaluate its accuracy. First, the extractants must be 
tested for selectivity for specific phases. One has to know 
whether a procedure performs as it claims. Secondly, co­
extracted or non-extracted phases which may interfere with 
the recovery of extracted elements should be identified. 
This information would be useful when an extraction is 
applied to different media. Finally, adaptations of the
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Tessier procedure must be evaluated by an unbiased method. 
That will determine whether adaptations are actually 
"improvements" on the original extraction procedure.
One potentially useful approach is to simplify the 
sediment substrate by replacing the real thing with a
carefully designed model. Models provide unique advantages 
to the experimenter, since their compositions can be
manipulated to test specific hypotheses. Sediments are 
complex mixtures of geochemical phases. Model sediments can 
be simple, with one or two geochemical phases, or very
complex, with intricate combinations of several phases. 
Through careful design, a model sediment can be used to
evaluate extraction procedures for reagent suitability,
reagent selectivity, sensitivity to interferences, and
other inadequacies.
The simplest model sediment is an individual
geochemical phase. Pickering used single phases to evaluate 
the capabilities of individual extractants.37, 42' 5 8 - 5 9  He 
doped trace elements into phases, such as carbonates, humic
acids, and clays, then determined the recovery of the
elements following the application of extractants. That is
a good approach for selecting extractants for use in
extraction procedures. Unfortunately, it ignores the
interactions of phases within sediments.
Meguellati manufactured a synthetic sediment, which 
contained several doped geochemical phases, to test
interlaboratory performance of the Tessier procedure.6, 6 0
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Using model sediments to test precision of a procedure 
insures a measure of sample homogeneity which is not readily 
achieved with natural sediments. The work of Pickering and 
Meguellati exploited some of the unique advantages of models 
to provide useful information on extraction procedures.
In this chapter, three different types of model 
sediments were synthesized to evaluate the accuracy of the 
Tessier extraction procedure. The extraction procedure was 
applied to those sediments, which represented "the extremes" 
of natural metal contamination. Two levels of trace metal
contamination were represented: polluted, with trace metal
levels from 2 0 0  to 2 0 0 0  ppm, and pristine, with metal levels 
below 300 ppm {most below 100 ppm).
In addition, two different pristine type sediments were 
prepared to examine another aspect of the extraction 
procedure. Trace metals which are associated with 
particulate surfaces might be more likely to be extracted 
earlier than trace metals incorporated into the bulk 
particle phase. Hence, one of the pristine sediments was 
produced with phases having "adsorbed" trace metals, while 
the other was a combination of phases with "coprecipitated" 
trace metals. Since the "adsorbed" phases have trace metals 
located predominantly at the surface, these metals may be 





All solid chemicals and concentrated acids were reagent
grade or better and were used without further purification.
Silica gel was TLC grade 60 - 200 mesh (Baker). Atomic
analytical standards were atomic absorption standards
(Fisher) for copper, lead, nickel, and zinc. For iron and
%
calcium, concentrated standards were prepared by dissolving 
iron powder and calcium carbonate (Spex) in aqua regia and 
hydrochloric acid, respectively. An aluminum standard was 
prepared by dissolving aluminum powder (reagent - Fisher) in 
hydrochloric acid. House deionized water was passed through 
a mixed bed column (Barnstead Sybron) prior to use.
All volumetric glassware (Kimax, Pyrex) was washed in 
10% HNO3 prior to use. All containment glass, plastic
(linear polyethylene-LPE or polypropylene-PP) or Teflon
(TFE) vessels were washed in 10% HNO3 . Centrifuge tubes 
were acid-washed polycarbonate (PC) with LPE screw-top 
closures. A combination of glass volumetric and graduated 
pipets and Eppendorf micropipets were used to transfer 
solutions. Borosilicate Pasteur pipets, used in the removal 
of supernatant solutions from centrifuge tubes, were used 
without pretreatment. The Teflon containers of the acid 
digestion bombs (Parr) were cleaned by filling them with a 
combination of hydrofluoric acid, aqua regia, and water and 
heating at 110°C for several hours.
Solution pH was determined with an Orion Ionanalyzer 
(Model 701A) equipped with a combination pH electrode with a
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calomel reference. Precise mass measurements were performed 
on an top loading electronic balance {Mettler AE100), while 
a triple beam pan balance (Ohaus) was used for less precise 
determinations. Combination of dry solids to produce 
sediment samples was accomplished by shaking for five 
minutes in a 4 dram glass vial on a mechanical shaker (Spex 
Industries model 8000). Samples in centrifuge tubes were 
inserted vertically into a thermostated shaking water bath 
(Neslab Isocal 20). Reciprocating action of the water bath 
accomplished agitation of the samples. Higher temperatures 
(85-96°C) required a bath compostion of 50% ethylene glycol 
(Kodak - technical grade) in water and a cover to prevent 
bath evaporation. Centrifugation of samples was performed 
at 2500 rpm (International Clinical Centrifuge model CL).
Elemental compositions were determined on either an 
Instrumentation Laboratory flame AA/AE spectrophotometer 
model 951 or a Jarrell Ash AtomScan 2000 inductively coupled 
argon plasma emission spectrometer interfaced to an Apple 
lie microcomputer to handle data aquistion. In both cases a 
standard additions approach was employed.
Sediment Preparation
The model sediments produced for this work were 
prepared by taking the individually-synthesized geochemical 
phases in dry form and combining them in a glass vial which 
was shaken for five minutes in a mechanical shaker. The 
phases and their measured elemental concentrations are 
listed in Table 3.1. Table 3.2 contains the composition of
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Table 3.1 - Metal concentrations in phase f/ig/g solid-dry)
Phase cu Pb Ni Zn Fe Ca
Carbonates
Calcites6 1 " 6 2
#1 * 5840 * * * *
#2 - 684 - - - 4.05 X105
#3 - 541 - - - 4.10 X105
Oxides
FeOxide 1210 * * * * *
Goethites
# 1 - - 511 - 5.75 X10 5 -
# 2 529 - 5.90 X105 -
Sulfides
Mack .6 3 * * w 1270 * *
64Greigite
# 1 - 767 4.17 X105 -
# 2 - 1415 4.93 X10 5 -
Organics
Humic Acids6 6
#1 507 - 213 * *
#2 560 - 1 1 1 * *
Clays
Illite 42.8 - 68.5 285 3.54 X104 -
Silica - - - -
Mack. = mackinawite 
* = not determined - = none found
Table 3.2 Sediment compositions.
a = weight percent of phase in sediment 
b = percent of trace element contributed by 
phase to the total 
c = total concentration of trace element in 
sediment in jug/g sediment (dry) .
Sediment P
Phase phase%- %Cu- %Pb %Ni %Zn %Fe %Ca
Cal.#1 16.9 * 1 0 0 * * * *
FeOx. 18.2 1 0 0 * * * * *
Mack. 14.9 * * * 1 0 0 * *
Silica 50.0 * * * * * *
Total c 2 2 0 990 1900
Sediment NC
Cal.#2 5.0 - 1 0 0 - - - 1 0 0
Goet.#1 5.0 - - 33 - 35 -
Grei .#2 5.0 - - - 23 30 -
HA#1 5.0 41 - _ 3 * *
Illite 80.0 59 - 67 74 35
A A
Total 63 34 80 309 8 .17X10 2. 03X10 1
Sediment. NA
cal.#3 5.0 - 1 0 0 - - - 1 0 0
Goet.#2 5.0 - - 33 - 37 -
Grei.#1 5.0 - - - 14 27 -
HA# 2 5.0 41 - - 2 * *
Illite 80.0 59 - 67 84 36
„ .r„ln4
* = not determined - = none found
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each sediment, created for this work along with the 
concentrations of each element and the percentage 
attributable to each particular phase.
Sediment P represents a highly polluted sediment. It 
contains a high concentration of iron sulfides, iron oxides, 
and calcium carbonates with correspondingly high "trace" 
element levels in each phase. The silica gel serves mainly 
as a diluent for the other phases but also represents silica 
sand. Since siloxane groups do not possess strong metal 
adsorption capabilities, the silica should not play an 
important role in redistributing extracted elements by 
adsorption. Admittedly, the phase combination in sediment p 
is not representative of most natural sediments. Considered 
individually, however, the amounts of each phase or element 
are not inconsistent with sediments in the natural
environment.
The concentrations of both geochemical phases and trace 
elements in NC and NA were much more representative of 
natural sediments. The presence of a sulfidic and an oxic 
phase, greigite and goethite, seems contradictory since they 
represent two different oxidation states of the same
element, iron. However, their coexistence is possible where 
sediments have been inadvertently mixed by sampling
techniques or by bioturbation, or have partially oxidized 
(or reduced) by improper storage techniques.
Sediments NC and NA were identical in form but
dissimilar in the method of trace metal doping. Goethite, 
greigite, and calcite were all synthesized to produce
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"coprecipitated" and "adsorbed" solids. This permitted 
study of how different methods of trace metal incorporation
by sediment material affects the information provided by
extraction procedures. Humic acid (Aldrich) and illite 
samples were the same in both sediments.
Extraction Procedure
All extractants were prepared in advance and
refrigerated prior to use. The procedure, as developed by 
Tessier, is outlined in Figure 3.1. The procedure was
followed except in the final digestion to produce Fraction 
5, which was modified from a hydrofluoric acid-perchloric 
acid mixture to a hydrofluoric acid-aqua regia mixture for 
use in our group. The entire extraction procedure (steps 1 
- 5) would require 24 hours without breaks. Whenever it 
became necessary to interrupt the steady sequence of 
extraction steps for 8 - 1 2  hours, residual solids were stored 
at room temperature under nitrogen.
Duplicate samples of sediments P, NC, and NA were 
extracted simultaneously. Since "precleaned" illite 
comprised 80% of NC and NA it was a formidable source of 
copper, nickel, zinc, and iron contamination. It 
complicated the one-dopant-metal-per-synthetic-phase design, 
so an extraction of a single sample of illite was performed 
to determine how its trace elements distributed independent 
of the other phases. Samples of sediment or illite (1 gram) 
were transferred to centrifuge tubes. For fractions 1 - 4,
extractants were added directly to samples in tubes. Tubes
43
were then introduced to a thermostated water bath. When 
agitation of the sample was required, the speed and length 
of the reciprocating stroke of the water bath were adjusted 
to promote good extractant/solid contact.
After the specified extracting time had elapsed, tubes 
were removed from the bath and were centrifuged to separate 
the extracts and remaining solids. The supernatant extracts 
were removed with a borosilicate glass Pasteur pipet. The 
collected extracts were transferred to LPE bottles and 
refrigerated until analyses could be performed. No dilution 
of the extracts was made until preparation for analysis. 
Fraction 1 was acidified with a small portion of 
concentrated nitric acid to prevent precipitation of 
colloidal iron.
The solid which remained after each extraction step was 
washed with water by shaking vigorously for several minutes. 
The wash water was removed by centrifuging, withdrawn by 
pipet and discarded. These washings were often colored 
indicating the presence of metals. This may account for low 
recoveries of some of the metals determined. The residual 
solid which remained at the conclusion of the fourth step in 
the extraction was freeze-dried then transferred to a Teflon 
acid digestion bomb. The digestion procedure employed is 
described in the previous chapter where it was used to 
digest illite for elemental analysis (Appendix A).
Each of the five fractions obtained from the extraction 
of sediment P was analyzed by flame atomic absorption 
spectrophotometry (FAA) for copper, lead, and zinc using
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standard additions. The extracts from sediments NC and NA 
were analyzed with inductively coupled argon plasma emission 
spectrometry {ICP) for copper, lead, nickel, zinc, iron, and
r
calcium using standard additions. Matrix effects in ICP 
were evaluated by comparing slopes of element calibration 
curves prepared in an acid matrix to those prepared in the 
extraction reagent matrices. Because of instrument 
availability replicate analyses of extracts from NC and NA 
were performed over two days. A randomized block design was 
used to handle this situation. By using this design, all of 
the extracts were analyzed once in random order on each day; 
thus replicate analyses were performed on two different 
days. The extracts of illite were analyzed by FAA for 
copper, lead, nickel, zinc, iron, and calcium. Illite 
extracts were later analyzed for aluminum and lead by ICP. 





The results from the extraction of sediment P are shown 
In Figure 3.2. The mean percent of "available" metal, i.e. 
the amount of metal found in an extract compared to the 
total amount of that metal contributed from all phases, has 
been plotted for each metal versus extract fraction (1 - 5). 
Within each fraction (1 - 5), there are two measurements 
listed. Each measurement represents one of the duplicate 
sediment samples; thus indicating the precision of the 
overall extraction procedure. According to the Tessier 
procedure, the elements should have been separated in the 
following manner: lead in fraction 2 (bound-to-carbonates),
copper in fraction 3 (bound-to-iron oxides), and zinc in 
fraction 4 (bound-to-organics/ sulfides). Clearly, none of 
the elements examined displays the anticipated behavior. 
Instead, both copper and lead were extracted much later than 
expected while zinc was extracted earlier.
There are several reasons which can be hypothesized for 
the inaccurate metal distribution that has been produced 
with this procedure. Since the extractive behavior of the 
major phase elements (iron, calcium, and sulfur) was not 
studied, explanations which are advanced are speculative, 
but they do suggest several possible mechanisms that could 
scramble the information content of the extraction 
procedure. Reasonable explanations include redistribution, 
nonselectivity, and inadequate reagent strength.
46
Lead. Redistribution may account for the late 
extraction of lead. A sample of stock calcite, equivalent 
to the amount present in a 1 gram sample of sediment P, was 
treated with the same volume of extractant 2 (1M sodium
acetate) used in an extraction. Most, but not all, of the 
calcite dissolved within the 5 hour extraction time, but the 
pH of the solution did not exceed 6 . An excessive increase 
in pH (above 7) might indicate that reprecipitation of 
extracted lead in hydroxide form occurred. Since most of 
the calcite dissolved, the late extraction of lead could be 
explained by solubilization in step 2 along with calcite 
followed by reassociation with the remaining phases.
Zinc. Because the system was exposed to air throughout 
the extraction, some mackinawite may have oxidized earlier 
than step 4. The extract in fraction 2 was a light orange 
color possibly indicative of dissolved or colloidal iron. 
Centrifugation did not remove the color. Therefore, some 
zinc may have solubilized or may have adsorbed to colloidal 
iron and thus was removed in fraction 2 .
Most zinc was recovered in fraction 3. A strong odor
during that step indicated evolution of hydrogen sulfide.
The solvent, which contained 25% acetic acid, apparently was
sufficiently acidic to solubilize much of the mackinawite.
A recent article by Rapin et al. has indicated that the
Tessier procedure is inappropriate for sulfide-rich
sediments, in which early attack of the sulfides was
€6observed, corroborating this experiment's findings.
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Figure 3.2 - Extraction results for sediment P. Numbers on 
the horizontal axis correspond to the 
extraction steps of Figure 3.1. Bar heights 
are percentages with respect to the total 
element present. Recoveries are given as an 
inset. Two bars at each stage represent 



































Copper. Copper was nearly untouched in step 3. It is 
suspected that much of the iron hydroxide, although 
amorphous, was not effectively attacked because it consisted 
of bulk particles rather than coatings. Hence, most of the 
copper was not removed until the last step. Other authors 
have recommended increased volumes and concentration for the 
hydroxylamins hydrochloride extractant. 6 0  
Sediments NC and NA
These sediments with lower trace element levels
provided a measure of extraction performance on a more 
"pristine" substrate and indicated whether "adsorbed" metals 
behaved differently from "coprecipitated" metals. Because 
an "adsorbed" metal is more accessible to extracting
reagents, it may be more susceptible to be non-selective 
removal.
Knowing when individual phases were attacked would help 
to develop reasons for the observed trace element behavior. 
Thus, for sediments NC and NA the extractive behavior of two 
of the major phase elements (iron and calcium) was followed 
along with that of the trace elements.
Calcium. Figure 3.3 a & b shows that calcite was
solubilized almost exclusively in fraction 2 as predicted by 
the procedure and there was no difference between "adsorbed" 
and "coprecipitated" systems. Since no other phase 
contained calcium, the calcium found in extract 1 was likely 
due to early solubilization while the calcium in extracts 3 
and 4 may be a result incomplete dissolution or 
redistribution. A sample of stock calcite, equivalent to
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Figure 3.3 - Extraction results for Ca in sediments NC (a) 
and NA (b). Same legend as that given for 
Figure 3.2. Darkened portions represent 
variation between duplicate ICP determinations 























the amount present in a 1 gram sample of sediment NC {or 
NA ) , was treated with 8 mL of sodium acetate extractant. 
The sample completely dissolved in the extractant without a 
significant pH increase. Because extraction conditions are 
sufficient to dissolve the calcite completely, the late 
extraction of calcium in fraction 3 can be attributed to 
redistribution by adsorption onto active surface sites. The 
net recovery of calcium averaged 8 8 %.
Iron. Iron was contained in approximately equal 
proportion among goethite, greigite, and illite. The 
distribution of illite iron as found from the procedure is 
shown in Figure 3.4c. According to its extraction, illite 
iron is held strongly within the crystal lattice and was not 
solubilized until fraction 5. According to the procedure, 
iron is expected to be found in fractions 3 (oxides), 4 
(sulfides), and 5 (illite).
In the iron distribution of the model sediments (Figure 
3.4a&b), illite would have contributed about half of the 
iron found in fraction 5 (Figure 3.4c). Much of the 
remainder in fraction 5 was probably due to goethite not
reduced by the hydroxylamine, especially since this solid is
crystalline rather than amorphous. Visual observations 
indicated that black greigite was present in residues
through step 2 but was converted to a rust-colored material 
in step 3. This change was accompanied by a strong odor of 
hydrogen sulfide. The dark rust color of the step 2 extract 
indicated significant attack on one of the iron phases
earlier than predicted.
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Figure 3. I - Extraction results for Fe in sediments NC (a)
NA (b) and in illite (c). Same legend
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There was a distinct difference between the two 
sediment samples: the significance of steps 2 and 3 was
reversed for the "adsorbed" system relative to the 
"coprecipitated" system. It is possible that "adsorbed" 
zinc, whose sulfide is much less soluble than that of iron, 
may have helped prevent dissolution of greigite in step 2 by 
acting as an insoluble coating. Under the harsher 
conditions of step 3, this coating would have been 
ineffective in preventing dissolution.
Copper. In sediments NC and NA copper was present in 
humic acid and illite. The extraction of illite (Figure 
3.5c) shows that most of the copper was removed in fraction 
1 with smaller amounts in fractions 2 and 3. According to 
the extraction procedure, copper is expected in fractions 1 , 
2, and 3 due to illite's contribution and in fraction 4 due 
to humic acid's contribution. In sediment NC (Figure 3.5a), 
very little copper was extracted initially (fractions 1-3) 
and the bulk of it was extracted in fractions 4 and 5. For 
sediment NA, a significant portion of the copper was 
extracted in fraction 1 , while most of the remainder was 
extracted in fractions 4 and 5.
There is an important inconsistency in these results. 
Although the extraction distributions were different, there 
was no difference between the two sediments in the forms of 
copper. Both contained humic acid and illite from the same 
synthetic batches. Therefore, differences in extraction 
behavior must be attributable to the other solids in the
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sediments. Because of the illite extraction, copper, which 
had been easily removed in fraction 1 , should have been 
observed in that fraction for both of the sediments. 
Sediment NA did reflect this behavior but sediment NC did 
not. clearly, the extraction has led to an incorrect 
interpretation of sediment NC's copper chemistry.
Even for sediment NA, the amounts of copper found in 
fractions 1 and 4 were not as expected. The illite 
extraction showed that approximately 75% of illite's copper 
was removed in fraction 1. Given that 59% and 41% of the 
copper in sediment NA is contributed by illite and humic 
acid, respectively, approximately 45% and 41% of the 
sediment's copper were expected in fractions 1 and 4, 
respectively. Instead, less than 20% was present in each of 
fractions 1 and 4, and nearly 50% was present in fraction 5. 
Therefore, even in sediment NA, the extraction has not 
correctly identified the sources of copper.
A probable explanation for copper's behavior is that 
illite copper may in fact be released during the first step 
but reassociates with the many active surface sites of the 
other substrates only to be extracted much later (fraction 
5). The difference between sediments NC and NA can then be 
rationalized by competitive adsorption. In the "adsorbed" 
system, more copper was recovered in fraction 1 because 
available adsorption sites on other phases were saturated by 
the other dopant metals.
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Figure 3. 5 - Extraction results for Cu in sediments NC
NA (b) and in illite (c). Same legend
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Nickel. The sources of nickel in sediments NC and NA 
were goethite and illite. The extraction of illite (Figure 
3.6c) indicates that its nickel is not released until 
fraction 5. Since illite nickel was not removed until the 
final step it would not behave differently in the presence 
of the other sediment components. Therefore, approximately 
a third of the nickel is derived from the goethite and is 
expected to be removed in the third fraction. The 
distributions (Figures 3.6a & b) show that a small portion 
of the available nickel was removed in fractions 1-4 with a 
large proportion (60 - 85%) was found in fifth fraction.
The amount of nickel present in fraction 5 was 
consistent with the amount available from illite. The 
remaining nickel which was extracted in the first four 
fractions must be attributable to goethite nickel. The 
nickel extracted in the first four fractions for both the 
"coprecipitated" and "adsorbed” systems resembles the 
pattern as seen with iron (Figures 3.4a & b). This common 
behavior may imply that goethite was dissolved 
nonselectively across several steps of the sequence.
Zinc. Zinc was contained in greigite, humic acid, and 
illite. The contribution of humic acid-bound zinc was too 
small (<5%) to affect results significantly, hence this 
source is ignored in the following discussion. Zinc was 
extracted from illite in fractions 2, 3, and 5 (Figure
3.7c). Zinc would then be expected in fraction 2-5 with 
fraction 4 contributed by greigite.
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Figure 3. ; - Extraction results for Ni in sediments NC (a)
NA (b) and in illite (c). same legend
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Figure 3.7 - Extraction results for Zn in sediments NC (a)
NA (b) and in illite (c). Same legend
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The amount of zinc recovered in fraction 5 of the 
sediment extractions (Figure 3.7a & b) can be accounted for 
fully by illite's fraction 5. However, one cannot simply 
subtract out illite's contribution from all of the 
fractions. Note that illite's effect at step 2 was greater 
than that observed in the sediment extraction. This is 
clear indication of redistribution of illite zinc into 
undissolved phases.
Because of the large relative contribution of illite to 
the extractable zinc, specific conclusions regarding the 
fate of zinc associated with greigite in "coprecipitated" 
versus "adsorbed" forms were difficult to make. It is 
clear, however, that very little of the sulfide-bound zinc 
was recovered in fraction 4. The strong odor of hydrogen 
sulfide gas, as was noted in discussion of iron behavior, 
present during the third step suggests that greigite was 
oxidized by the acidic conditions and the presence of air 
throughout the extraction sequence. The behavior of the 
sulfides is consistent with that observed by Rapin et al. 
who found that sulfides were attacked progressively rather 
than selectively.
Lead. In both the "coprecipitated" and "adsorbed" 
systems, lead was only associated with carbonates. 
Therefore, it was only expected to be extracted in fraction 
2. The results from sediment NC are in Figure 3.8. Results 
from sediment NA are not presented because some unresolved 
problems led to a lead recovery of much greater than 1 0 0 %. 
Lead was predominantly removed in fractions 3 and 4, which
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Figure 3.3 - Extraction results for Pb in sediment NC.














is not in accordance with the extraction distribution of
calcium (Figure 3.3 a). These results are consistent with
those for sediment P, where lead was also strongly 
redistributed.
General Observations
Elemental recoveries were calculated by comparing the
sum of the contributions from each extraction step to the
total amounts available in each sediment. These values, 
inset in Figures 3.3 to 3.8, were mostly between 80 and 
107%. Incomplete and variable recoveries were not 
surprising for several reasons. First, there are many 
manual manipulations in the extraction. Secondly, the 
procedure requires a water wash between extraction steps. 
These washings were often colored and obviously contained 
metal ions. The procedure just discards this material. 
Lastly, step 4 was quite violent and often led to some 
material being expelled from the centrifuge tubes for model 
as well as real sediments. This behavior was observed 
despite the chilling of reagents and sediments in an ice 
bath. The few recoveries for copper and nickel exceeding 
1 0 0 % were due to large concentrations in extract 5. 
Intermittent contamination from the acid digestion bomb 
containers is suspected.
Replication of sediment extractions and of ICP analyses 
on subsequent days was quite good giving consistent 
elemental "distribution" patterns. Note that in nearly all 
cases, analytical imprecision was dominant (analytical
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errors indicated by filled bar overlap for the sediment 
duplicates) despite the opportunity for variation between 
sediments because of the extensive manipulations of the 
extraction procedure. As has been indicated in this 
discussion, the satisfactory reproducibility does not imply 
that the results are accurate.
For the purpose of sequential extraction procedures, 
atomic emission analysis by ICP was preferable to FAA 
because of the large linear dynamic range and multielement 
capabilities. This permitted convenient determinations of 
major and trace elements in small volumes of extracts 
without having to invest time in establishing appropriate 
dilutions. ICP was not totally immune to matrix effects but 
these were generally small for the various extraction 
reagents. Lead demonstrated the worst detectability problem 
because of noise and background contribution from a nearby 
aluminum line. For future ICP work, a new analytical 
wavelength for lead should be selected.
62
Conclusions
Clearly, the extraction procedure has demonstrated 
weaknesses because of its susceptibility to elemental 
redistribution. This only becomes evident when experiments, 
such as these, with multiphase models are performed. Using 
single phase models, instead of multiphase model'., is less 
realistic because this ignores interactions with non­
extracted components. This was seen in the behavior of 
elements associated with illite. The extractive behavior of 
the clay alone was not representative of its behavior when 
combined into the model sediments.
For selective extractions to be useful the problem of 
redistribution must be addressed. While model sediments are 
certainly not an ideal representation of their natural 
counterparts, they do allow the assembly of systems with 
known compositions to test particular hypotheses, as well 
as, permitting great flexibility in the preparation of 
sediment types. Clearly, these model sediments are a 
limiting case. The poor performance of extractions on the 
simple model systems casts further doubt onto the 
performance of extractions on highly complex real systems.
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CHAPTER IV
COMPETITIVE CHELATION FOR THE PREVENTION OF REDISTRIBUTION
Introduction
One of the primary weaknesses in selective extraction 
procedures is redistribution of extracted elements onto 
residual solids. In order to counter this phenomenon, 
extracted elements must be trapped from solution before they 
can associate with remaining active surface sites. One 
possible method for preventing redistribution is to change 
the mode of the extraction from batch to continuous, thereby 
eliminating an extended contact time between extractant and 
sediment. Another method is to introduce another pha.se into 
the extraction system, which can compete with the residual 
solids for the solubilized elements. Ideally, this 
scavenging phase would immobilize all trace elements of 
interest completely, would not change the extractants, and 
would be easily inserted and removed. The scavenging phase 
approach was selected for this work.
Dithiocarbamate salts, such as ammonium pyrrolidine-
dithiocarbamate (APDC) or sodium dibenzyldithiocarbamate
(NaDBDTC), have been used successfully for the determination
67-72of trace metals in aqueous solutions. These compounds
7 3chelate metals by coordination to sulfide groups (Figure 
4.1). APDC is used in solvent extractions, where a chelated
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Figure 4.1 - Complexation of metals by dithiocarbamates.
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metal is preferentially distributed into an immiscible
organic solvent. This solvent is removed and analyzed for
metals by an atomic analysis technique. NaDBDTC
precipitates upon chelation with trace metals. The
precipitate is recovered by filtration, dissolved, and
analyzed for metals as above. An advantage of
dithiocarbamate salts is that they are highly selective for
transition metals to the exclusion of alkali and alkali-
earth metals. Thus, both of these methods, solvent
extraction and precipitation, are important for
67 — 6 8environmental analyses. Potentially toxic trace metals
in aquatic systems can be concentrated to a level where they 
can be detected readily by atomic analysis techniques.
Despite the utility of the dithiocarbamate salts for 
many environmental and biological applications, neither the 
solvent extraction nor the precipitation method is an 
acceptable choice for scavenging metals in the sediment 
extraction procedure. Uncomplexed APDC is soluble in water 
and, therefore, would alter extractant properties, i.e. 
extractant 1 in the Tessier procedure, 1M MgCl2 , would be 
extractant 1 plus aqueous APDC. Thus, instead of evaluating 
the effect of an independent metal scavenging phase in a 
given extractant, a comparison between two different 
extractants would be made. NaDBDTC also alters extracting 
conditions because it is initially water soluble. 
Furthermore, the precipitation of the metal-DBDTC salt is 
not an advantage for the extraction work, because there is 
no way to separate the precipitate from the residual
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sediment.
A recent article by Horvath and Barnes promotes the use
of a poly(dithiocarbamate)-functionalized resin (PDTC) for
74preconcentration of trace metals for analysis by ICP. 
This resin, like the other dithiocarbamates, is particularly 
well suited to environmental applications because of its 
high selectivity for transition metal ions. It provides 
some specific advantages for use in the extraction 
procedure. First, the chelating groups are immobilized on a 
solid support and thus do not participate in the direct 
solubilizing action of the extractant. Second, the resin 
can be segregated from the extraction medium by means of a 
dialysis membrane which freely passes ions but retains 
solids. Third, while contained in the dialysis membrane, 
the resin can be easily inserted and removed from the 
extraction system. This chelation approach can only be used 
in fractions 1-3 since the strongly oxidizing conditions of 
fraction 4 would destroy the resin's integrity. Since 
redistribution is most serious in the earliest fractions (1 - 
3) this does not detract from the potential usefulness of 
this approach.
In this chapter the synthesis and characterization of 
the resin is described as well as a preliminary evaluation 
of the feasibility of this approach. Resin capacity for 
aqueous copper, lead, nickel, and zinc was evaluated. Metal 
binding capacities were investigated in 1M sodium acetate 
(extractant 2). Finally, the resin was introduced during a
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sodium acetate extraction of a model sediment to establish 
the ability of the resin to prevent redistribution by 




Organic solvents (dimethyl sulfoxide (DMSO), dioxane, 
pyridine, carbon disulfide, isopropanol, and methanol), 
concentrated nitric acid and 30% hydrogen peroxide (Fisher) 
were technical grade or better and used without further 
purification. Extractant 2, 1M sodium acetate at pH 5, was 
prepared as in Chapter 3. House deionized water was further 
deionized by passing through an ion exchange column 
(Barnstead-Sybron). Polyethyleneimine molecular weight 1800 
(Polysciences) and polymeric phenylisocyanate (Dov*) were 
used without purification.
"Coprecipitated" calcite samples and undoped goethite
75 45were prepared by other research group members ' and were 
analyzed for trace element content by FAA. Silica gel was 
TLC grade (Mallinckrodt). Cellulose dialysis tubing (specta 
Por 7 - 25000 MWCO) is specially treated with EDTA for the 
removal of metals by the manufacturer. These tubings were 
soaked for several days in the sodium acetate extractant 
prior to use.
All containment and volumetric glassware were acid- 
washed in 10% HNO3 . All plastic centrifuge tubes and 
bottles (PC and LPE) were also acid-washed. The polysulfone 
filter assembly (Nalgene) was acid-washed, while PC filters 
(0.4 jum-Nuclepore) were rinsed several times with doubly- 
deionized water. A combination of glass volumetric (Kimax) 
and Eppendorf micropipets were used to transfer solutions. 
Extracting solutions were removed from solids following
69
centrifugation using borosilicate Pasteur pipets.
Dried resins were ground with a porcelain mortar and 
pestle and divided into three size fractions using 45 mesh 
(354 jura) and 80 mesh (177 jum) U.S. Standard brass sieves. 
The sieves' copper screens were afixed with lead solder. A 
thermostated shaking water bath (Neslab Isocal 300) was used 
to agitate upright centrifuge tubes with a reciprocating 
motion. Centrifugation of samples was performed at 2500 rpm 
(International clinical Centrifuge model CL). Samples were 
weighed on a top-loading electronic balance (Mettler AE100). 
Solution pH determinations were made with an Orion 
lonanalyzer model 701A equipped with a glass combination pH 
electrode with saturated calomel reference.
Infrared spectra were obtained using a Nicolet Fourier 
Transform spectrometer model MX-1. Concentrations of trace 
and major elements were determined by flame atomic 
absorption spectrophotometry (FAA-Instrumentation Laboratory 
model 951). Calibration curves were prepared with atomic 
absorption standards (Fisher) in 5% nitric acid for each 
element. Elemental iron (Spex Industries) was dissolved in 
concentrated hydrochloric acid to produce a concentrated 
(1 0 0 , 0 0 0  ppm) iron standard.
Resin Synthesis
The resin was prepared following the synthesis of
7 6 — 77Hackett and Siggia as modified by Barnes (Appendix C).
The overall reaction scheme is shown in Figure 4.2. In the 
first step polyethyleneimeine (PEI-1800) was dissolved in
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DMSO and dioxane while polyphenylisocyanate (PAPI-135) was 
dissolved in dioxane. The copolymer solutions were 
transferred to individual separatory funnels.
The two polymer solutions were then combined by 
simultaneous dropwise addition into a large beaker 
containing additional dioxane. The polymer formation was 
immediate. The contents of the beaker were stirred 
continuously on a stirring plate with a magnetic stirrer 
during the addition of the individual polymers and for one 
hour after the addition was complete. The polymer, a 
polyamine-polyurea polymer, was collected by vacuum 
filtration (Whatman #40), was washed twice with methanol, 
and then twice with water. For a properly crosslinked 
polymer, a molar ratio of l-to-3.6 of PEl-1800-to-PAPI 135 
isocyanate content was used.
The second step was functionalization of the polyamine- 
polyurea resin. The wet resin obtained from the first step 
was dispersed in a mixture of pyridine, carbon disulfide, 
and 2-propanol. This mixture was stirred for five hours on 
a stirplate by a magnetic stirbar, and then allowed to sit 
for 20 hours. The functionalized resin was collected by 
vacuum filtration (Whatman #40) and was washed four times 
with methanol. The resin was allowed to air dry.
The final product is a poly(dithiocarbamate)resin 
(PDTC). The dried resin was ground in a porcelain mortar 
and pestle and sieved to produce three size fractions: >
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Figure 4.2 - Synthetic route for PDTC.
Polymer backbone.
- N H ( C H 2  C H 2 N H ) x C H 2  C H 2  N H -  +  C H 3  C g  H 3 ( N C O ) 2  -----------------------►
( P E I - 1800) ( P A P I - 135 )
- [ N H ( C H 2 C H 2 N H ) x C H 2 C H 2 N H C O N H C H 3 C 6 H 3 N H C O ] y -
Crosslinked polyamine-polyurea backbone 
Functionalization.
c^
 ^ -------- ► - [ N H ( C H 2 C H 2 N C S  2 ) X C H 2 C H 2 N H C O N H C H 3 C 6 H 3 N H C O ] y -
Poly(dithiocarbamate) resin (PDTC)
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354 yum, f)C< 177 yum, and 354 yum > C^. > 177 yum. Infrared
spectra of the polymer resin, before and after 
functionalization, in KBr pellets were obtained for 
comparison.
Metal binding studies
Aqueous capacities. Several tests were performed with 
the PDTC resin to determine its suitability for use in the 
extraction procedure. The first was to test whether PDTC 
could adequately complex each of the trace elements, copper, 
lead, nickel, and zinc, from aqueous solutions.
A 100 ppm multielement standard was prepared from 1000 
ppm atomic absorption standards (Fisher) of copper, lead, 
nickel, and zinc. A 10 ml portion of the multielement 
standard contained 1 mg of each element. A synthetic 
sediment, representing a polluted natural sediment, would 
have 5% of a phase which has a dopant concentration of 5000 
ppm. Using the extraction conditions as described in 
Chapter 3, that sediment could contribute a maximum of 0.250 
mg of dopant element, Therefore, the amount of trace 
element from the multielement standard is four times greater 
than the worst case synthetic sediment.
Duplicate 0.1 g samples of each size fraction of PDTC 
were transferred to six clean beakers. A 10 mL volume of 
the multielement standard was added to the PDTC. The 
mixtures were stirred on a stirplate with magnetic stirbar 
for one hour. The PDTC was then collected on 0.4 urn PC 
filters by vacuum filtration. The PDTC, while still on the 
filter, was transferred to an Erlenmeyer flask. The
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filtrate was diluted in a volumetric flask and transferred 
to an LPE bottle.
The PDTC was rinsed off the PC filter which was then 
removed from the Erlenmeyer flask. The PDTC was then 
digested with combination of 30% H 2 O 2 and concentrated 
nitric acid to ash and then dissolve the residue. The 
dissolved PDTC was diluted in a volumetric flask and 
transferred to an LPE bottle. All solutions were 
refrigerated until analysis with FAA could be performed.
Capacities and kinetics in sodium acetate. The next 
experiment was designed to evaluate the ability of PDTC to 
trap metals from sodium acetate {extractant 2 ) under 
extraction-like conditions. In addition, the metal uptake 
was measured with respect to time. This was done for two 
reasons: 1) it is important that PDTC rapidly removes
extracted metal ions from solution in order to be competitve 
and 2) since the contact time in extractant 2 is long (5 
hours) the PDTC resin, as well as the metal-dithiocarbamate 
complex, might decompose.
For this study, 8 mL portions of extractant 2 were 
added to 6 centrifuge tubes. To each extractant were then 
added 0.250 ml each of 1000 ppm AA standards for copper, 
lead, nickel, and zinc. This produced an initial solution 
concentration of = 28 ppm for each of the metals.
Six 0.5 g samples of PDTC (354um > > 177 >um size
fraction) were injected into dialysis tubes with a 3 cc 
plastic syringe (B&D) equipped with a long Teflon tube. it
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was necessary to disperse the resin in a small amount of 
sodium acetate extractant to permit a smooth delivery of 
PDTC into the dialysis tubes. Both ends of the tubes were 
fastened with plastic dialysis clips to form a "bag" of 
resin which was then allowed to equilibrate in the sodium 
acetate extractant for at least one hour.
Following equilibration each of the PDTC bags was 
placed into one of the centrifuge tubes containing the 
sodium acetate extractant with trace elements. The tubes 
were placed in the shaking water bath and agitated. Two 
PDTC bags were removed after 5 minutes of "extraction". The 
exterior of the bags was rinsed with water directly over the 
centrifuge tube. In this manner the rinse water, which 
contained extractant and uncomplexed metals, was combined 
with the remaining extractant in the tube. The rinsed 
bagged PDTC was then placed in an Erlenmeyer flask. The 
extractant was transferred to a volumetric flask and 
diluted, and then transferred to an LPE bottle. This 
procedure was repeated on the remaining four tubes (2 sets 
of 2) at 1 hour and 5 hours of "extraction" time.
Each bag of PDTC was cut open with scissors and PDTC 
was rinsed back into the Erlenmeyer flask. The PDTC was 
digested and diluted as previously described. The extracts 




The final experiment studied the ability of PDTC to 
compete with a scavenging sediment phase for trace metals 
that have been extracted from a model sediment during the 
second step of the Tessier extraction procedure. Four model 
sediments (UC, UG, PC, and PG) were prepared for this study. 
These sediments were different from those made for the 
initial research with the extraction procedure (Chapter 3). 
Instead of a one-dopant-per-phase sediment design, the 
sediments were made with one phase containing all of the 
dopant metals.
Calcite, goethite, and silica gel were combined to 
produce four different model sediments: Unpolluted Calcite
(UC), Unpolluted calcite and Goethite (UG), Polluted Calcite 
(PC), and Polluted Calcite and Goethite (PG). The 
compositions of the sediments are listed in Table 4.1. 
calcite and goethite were synthetic phases produced by other 
reserach group members. Calcite was used as the doped phase 
because it is the phase which is primarily attacked by the 
sodium acetate extractant. Two different calcite samples 
were used. Both were doped by "coprecipitation" but one was 
doped with "500 ppm" of each metal and the other with "5000 
ppm". The goethite phase was not as crystalline as the 
goethite described in Chapter 2 because it was not aged 
following precipitation. No dopants were intentionally 
introduced. Silica gel, as in sediment P, served mainly as 
a diluent. The trace elements found in the goethite and in
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Table 4.1 - Model sediment compositions. Total rows has the 
final concentration of each element. 
Concentrations are reported in p g  metal/g solid.
Sediment UC
Phase phase % Cu Pb Ni Zn Fe
Calcite
500
5.0% 559 521 559 548 *
Silica 95.0% * * * * *




5.0% 559 521 559 548 *
Goethite 5.0% 77 .5 103 15.1 34.2 4.95X105
silica 90.0% * * * * *




5.0% 5270 4180 4680 5100 *
Silica 95.0% * * * * *




5.0% 5270 4180 4676 5100 *
Goethite 5.0% 77 .5 103 15.1 34.2 4.95X105
Silica 90.0% * * * * *
Total 268 215 235 258 2.49X104
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the silica gel were present because of unavoidable 
contamination.
Calcite, silica, and goethite were combined in an 8 
dram vial and manually shaken for 15 minutes. Sediments UC 
and PC contained only a calcite phase and silica. The 
calcite samples used in sediments UC and PC had a nominal 
trace element content of 500 ppm and 5000 ppm, respectively. 
Sediments UG and PG contained calcite, silica, and goethite. 
Sediment UG was prepared with the "500" ppm calcite and 
sediment PG had the "5000" ppm calcite. The goethite which 
has active surface sites for binding metals, was introduced 
as competitor to PDTC for extracted metal ions. Duplicate 
samples (0.75 g) of each sediment were transferred to clean 
centrifuge tubes.
PDTC was placed into dialysis bags in a manner similar 
to the previous experiment, except that the bags were closed 
with an overhand knot instead of using plastic clips. The 
advantage of the knotted bags was that it allowed complete 
immersion of the bags in the extractant; clips had prevented 
this. The disadvantage of the knotted bags was that they 
could not be individually labelled like the clipped bags. 
The bags were allowed to equilibrate with sodium acetate for 
several hours.
Sodium acetate extractant ( 8 mL) was added to each of 
the sediment samples. A bag of PDTC was added to each 
extraction tube. The tubes were placed in the shaking water 
bath at room temperature and agitated for 5 hours. At the 
end of the extraction time the PDTC bags were retrieved from
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the extractant using metal tweezers. As before the bags 
were rinsed with water over the tubes, then transferred to 
Erlenmeyer flasks. The tubes were centrifuged and the 
supernatant extracts were removed with a Pasteur pipet, 
diluted in volumetric flasks, and transferred to LPE 
bottles. The extracts, PDTC bags, and remaining sediments 
were all refrigerated. As before, all resins were later 
removed from bags and digested. Digested PDTC was diluted 
and transferred to an LPE bottle.
To test whether iron solublized from the sediment would 
interfere with the uptake of trace metals by the resin, 
additional sets of duplicates of sediments UC and PC were 
prepared. Those sediments did not contain goethite, so 
0.100 mL of a 100,000 ppm Fe standard was added to the 
extractant of these samples. That amount of iron is less 
than half of the amount present in the goethite in sediments 
UG and PG. The greatest amount of iron extracted from 
sediment NC or NA (Chapter 3) was approximately 15 mg, which 
could have originated from goethite and/or greigite. other 
than the addition of iron these samples were handled 
identically to those already described.
Blank preparations. For all studies blank 
contributions were determined. PDTC was digested to find 
elemental contamination. For the first study, PDTC was 
equilibrated with 10 mL of water, instead of multielement 
standard, to identify contamination from the manipulations. 
For the second and third study bagged PDTC was equilibrated
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with 8 mL of sodium acetate without added trace metals (or 
sediments) for five hours. This determined the contribution 




The infrared spectra of the polyamine-polyurea polymer
and poly(dithiocarbamate) resin are presented in Figure 4.3a
and b. Very little work has been directed to infrared
studies of PDTC. Horvath and Barnes used IR spectroscopy to
show that thiocyanate (-S-C=N) groups were formed on resin
74produced by earlier synthetic methods. The thiocyanate
group can also complex metals, which complicates studies of
binding mechanisms of the dithiocarbamate group. The
thiocyanate group exhibits an IR absorption in the area of
2000 cm 1 . The resin synthesized for this work does not
exhibit an absorption in that region, and thus does not
contain thiocyanate groups.
Chatt et al. performed some of the earliest IR studies
7 8with thiocarbamate salts. Their findings show a strong
band in the region of 1500 cm- 1 characteristic of the
"thioureide ion", which has a polar C-N double bond. At
-1
approximately 1500 cm the PDTC does have a strong 
absorption. However, the polymer backbone also has an 
absorption in the same region. The polymer backbone was 
subtracted from the functionalized resin. In the difference 
spectrum (Figure 4.3c), the peak at 1500 cm- 1 is still 
evident suggesting that functionalization increased the 
absorption with the presence of the "thioureide ion".
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gure 4,3 - Nicolet FTIR spectra of a) polyamine-polyurea 
polymer resin backbone, b) PDTC', and c) PDTC 
minus the resin backbone.
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Metal Binding studies
PDTC was contaminated with significant amounts of 
copper, lead, zinc, and iron (Table 4.2). The copper, lead, 
and iron were probably contributed from the brass sieves. 
Small chips from the screen or solder of the sieves were 
visible following size fractioning. This created a problem 
for blank determinations of lead, where the lead 
concentration of smallest size fraction (*)( <177 yum) of the 
first batch of resin was not representative of the larger 
fractions. Zinc is a common contaminant which could have 
been contributed from numerous sources, e.g. Kimwipes, room 
dust, plastic gloves.
Many metal-dithiocarbamate complexes absorb light in 
the visible spectrum. Therefore, it was not surprising that 
the resin changed from a creamy yellow to tan upon addition 
of aqueous solutions of copper, nickel, lead, and zinc. 
This color change was immediate (within 30 seconds) when the 
resin and the solution were well mixed by a magnetic 
stirrer. When the resin was enclosed in the dialysis bags, 
the resin changed color more slowly, circa one hour. The 
metals in solution are not as accessible to the resin which 
has its motion restrained when in the dialysis bags.
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Table 4.2 - Trace metal contamination found in dry PDTC.
Two batches were prepared; Batch #1 was used in 
metal binding studies and Batch #2 in model 
sediment extraction studies. 
a = none found 
b = contamination problem 

















Aqueous metal capacities. The results of the first 
study are presented in Table 4.3. Copper and lead were 
completely captured by the resin, while uptakes of zinc and 
nickel were less than 1% and 10%, respectively. There were 
no significant differences in the metal uptakes of the two 
smaller resin size fractions. However, the largest size 
fraction ( (^. >354/101) complexed lesser amounts of copper and 
lead than the smaller size fractions. Presumably, there are 
fewer available functional groups on the larger size resin 
because of decreased surface area.
The uptake results are consistent with the literature
results indicating that the initial concentration of metals
in solution greatly influences the uptake of those metals by
79the resin (Figure 4.4). In 100 ppm solutions of copper 
and lead, 100% and 90% recoveries were reported for these 
metals, respectively. For zinc, the percent uptake 
decreased to 50% for solution concentrations greater than 3 
ppm. For nickel, 50% uptake was observed for solution 
concentrations of 10 ppm. Clearly, a neglible percent 
uptake would be predicted for nickel and zinc solution 
concentrations of 1 0 0  ppm.
While the minor extent of nickel and zinc uptake by 
PDTC were disappointing, the capacity of PDTC for metals has 
been established in the sodium acetate extractant. However, 
since metal uptake by PDTC requires that the metal displaces 
a proton, it was anticipated that the metal uptake would be 
pH dependent. Preliminary work by Dingman had confirmed the
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Table 4,3 - Percentage of metals bound by PDTC from a
1 0 0  ppm multielement standard after 1 hour of 
equilibration.
a = Lead values are not corrected for initial 
resin content.
Size Fraction
Element 9(<177Aun 177yum< <354 >354mn
CU 99.0% 99.5% 87 .0%
96.6% 98.1% 93.7%
Ni 2 .6 8 % 4.37% 5.86%
3.28% 4.37% 6 .2 2 %
Pba 103% 1 0 0 % 66.9%
89.5% 8 8  .0 % 68.4%
Zn 0.48% 0.65% 0.74%
0.61% 0.44% -
86
7 9Figure 4.4 - Metal uptake on PDTC (Dingman et a l .) as a 




79that zinc uptake by PDTC depends on pH. Thus, a pH buffer 
may improve metal uptake by PDTC as found in the aqueous 
studies by stabilizing functional groups on the resin.
Capacities and kinetics in sodium acetate. Table 4.4 
demonstrates how the metals were taken up from the sodium 
acetate solution during the five hours of contact. A steady 
increase in uptake is seen for each metal which parallels 
the color development of the resin. The uptake was not as 
rapid as was desired to insure that extracted metals would 
be scavenged preferentially by the resin during the 
extraction of sediments. However, that slow rate may be an 
artifact of inadequate mixing of the confined resin with the 
solution rather than an inadequacy of the resin itself. 
Clearly, a physical problem, such as inadequate mixing, can 
be solved with simple, direct approaches.
Unlike the aqueous solution experiments (Table 4.3), 
none of the metals was completely bound by the resin in 
sodium acetate, even after five hours of contact. There are 
several possible reasons which might contribute to this 
discrepancy. These include solution pH, metal
concentration, chemical interferents, and solution-solid 
contact.
Hackett and Siggia confirmed the importance of solution
pH for complexation of several metals by PDTC (Figure
7 64.5). Their experiments were performed with 25 ppm metal 
solutions over a range of pH values (0.5 - 9.0) with fixed 
ionic strengths. For most metals, diminished uptake by the 
resin was observed for pH values below 2, where degradation
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of the resin was suspected. By a pH of 6 , all examined 
metals had attained stable maximum uptakes. Of particular 
interest for this project, were the uptakes they observed in 
the 4 - 5 pH range, the pH range of the sodium acetate
extractant. Copper and lead were taken up completely by the 
resin in that range. Zinc and nickel were taken up to a 
lesser extent, approximately 90% and 55% respectively. 
Since the solutions used by Hackett and Siggia are similar 
to the sodium acetate extractants, comparable metal uptakes 
were expected in this work.
After five hours of equilibration in the sodium acetate 
extractant, the resin took up 69% of the available nickel 
and 46% of the available zinc (Table 4.5). Those were 
substantial increases in the percent uptakes of nickel and 
zinc compared with those from the multielement standard 
(Table 4.3). The concentration of each metal in the sodium 
acetate solution was 28 ppm, which is less than the 
concentration in the multielement standard (100 ppm). For 
nickel and zinc especially, increased uptakes were expected 
with a lower solution concentration. In addition, the 
higher pH of the sodium acetate extractant (estimated pH of 
multielement standard is 3 - 4) would have made the sulfide 
groups more available for complexing metals. Clearly, the 
increased uptakes of both of those metals can be attributed 
to both solution concentration and solution pH.
Complete uptake of lead from the sodium acetate 
extractant was expected but, after five hours, only 6 6 % was
89
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Figure 4.5 - Metal uptake on PDTC (Hackett and Siggia) ° as 
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Table 4.4 - Percent metal uptake from sodium acetate {pH 5) 
versus time ( 0 - 5  hours). Initial solution 

































Table 4.5 - Percent of metal recovered from PDTC and from 
sodium acetate solution after 5 hours of 
equilibration.
Element %found in resin %found in extract Total
CU 64.8 36.8 1 0 2
58.8 43.0 1 0 2
Pb 67.9 29.7 97 .6
64.2 30.5 94.7
Ni 71.4 54.5 126
66.9 58.5 125
Zn 47 .4 46.2 93.6
45.0 49.2 94.2
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recovered from the resin. The recovery may be lower than
the multielement standard because of the presence of
acetate. Use of acetate buffers for routine solution work
with the soluble dithiocarbamates can cause reduced uptakes
of some metals, such as lead and silver, which form stable
6 6acetate complexes. Thus, the uptake of lead by the resin
would be affected similarly.
The chemical interference of acetate with lead may not 
be the sole contributor to the lowered uptake of lead. 
Inadequate exposure of the resin in the dialysis bags to the 
metal-containing solution may prevent complete recovery of 
any metal. As with lead, copper was expected to be 
completely taken up by the resin. Its uptake had been 
complete over a wide concentration range (Figure 4.4) and a 
wide pH range (Figure 4.5). A chemical intereference with 
acetate or any other solution component was not suspected. 
For almost all metals, the total recovery, amount in resin 
plus amount remaining in solution, was around 100% (Table
4.5) so losses in manipulations were minimal. Thus, poor 
solution-resin contact is a reasonable explanation for the 
less than 1 0 0 % uptake of copper.
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Model Sediment Extraction
The uptake of metals from the sodium acetate extractant 
by the resin was a limited success. All metals were 
complexed, although none were completely captured by the 
resin as had been achieved in the aqueous studies. Despite 
those incomplete recoveries, the resin may still be able to 
impede redistribution of elements extracted from a model 
sediment. In fact, there are reasons to suspect that the 
percent uptake of metals by the resin might be increased, 
thereby improving its ability to reduce redistribution. 
First, knotted, instead of clipped, bags of resin would be 
immersed in the extractant giving better contact with the 
solution. Second, in an extraction of a model sediment, the 
elements may be released over time, thus producing a lower 
initial concentration of metals in solution which would 
increase as the sediment phase is attacked. Both lower 
solution concentration and improved solution-resin contact 
have been implicated in increased uptakes by the resin.
The object of these model sediment extractions is to 
determine how effective PDTC is in preventing the 
redistribution of extracted elements. The model sediments 
had been prepared with calcite which contained most of the 
trace metals - copper, lead, nickel, and zinc. It was 
determined in Chapter 3 that the amount of calcite present 
in the model sediments (5% by weight) could be solubilized 
by the sodium acetate extractant, thus releasing all of the 
trace metals. Ideally, PDTC would isolate all metals 
extracted from the model sediments regardless of the
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concentration of metals in the sediment (nominally 25 ppm or
250 ppm), the presence of a scavenging phase (goethite), or
the addition of a high concentration of a potentially
interfering ion (iron). The six model sediment systems can
be utilized to evaluate metal recovery by the resin by means
2
of three different 2 factorial experiments: two of which
examine the effect of concentration and scavenging phase, 
while the other examines the effect of concentration and 
potentially interfering ions
Collectively, sediments UC, UG, PC, and PG comprise the 
elements of one factorial (Figure 4.6). Another factorial
is UC with added ionic iron, UG, PC with added ionic iron,
and PG, which examines the same factors except that iron (in 
some form) is present in all sediment systems. Another 
factorial contains sediments UC, UC with added ionic iron,
PC, and PC with added ionic iron. In that factorial "Factor
#2 " is added ionic iron, thus the effect of interfering ions 
is examined. Within the factorial, percent of metals 
complexed by PDTC, percent of metals remaining in extract, 
or their sum can be compared. Percentages were calculated 
relative to "available" or "recovered" metals, where
"Available": total metals present in sediments
"Recovered": total metals found in extract and resin.
Thus, the percent of "available" metals found in extract and 
in resin can sum to more or less than 1 0 0 % depending on 
contamination or losses. Conversely, rhe percent of 
"recovered" metals found in extract and in resin sum to 
100%.
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’Available" copper, nickel, zinc, lead, and iron 
complexed from the sodium acetate extraction of model 
sediments by PDTC are listed in Tables 4.6 - 4.10.
Pertinent parts of the analysis of variance for the 
different elemental uptakes are listed in Table 4.11. in 
that table are included S values, as measures of random 
error, the effect of each evaluated factor and their 
interactions, and the F values, which assess the
significance of an effect with respect to the random error.
Iron. uptake of iron by the resin was evident by 
visual observation. As previously mentioned, the color of 
the resin changed from a pale yellow to a light tan after 
equilibration with solutions of copper, lead, nickel, and 
zinc. In the presence of a low concentration of iron, as is 
produced by the limited solubilization of goethite in 
sediments UG and PG, the resin takes on a grey color which 
intensifies to black with increased iron concentration as 
was present in UC and PC with added ionic iron.
Approximately 25% of the ionic iron added to the 
extractants of sediments UC and PC was complexed by the 
resin (Table 4.6). This iron uptake did not affect the 
uptake of any of the trace components, copper, lead, nickel, 
or zinc (Table 4.11 e, right side). That is a promising
trait for successful use of the resin. Since goethite lost 
only about 1% of its iron (Table 4.6), any effect on the 
uptake of trace components by the resin when in the presence 
of goethite is attributable to the goethite and not to
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soluble iron.
Copper. For copper (Table 4.7) concentration has a 
highly significant effect on uptake of the available metal 
by the resin, while neither the presence of goethite nor the 
addition of ionic iron significantly affects uptake (Table 
4.11 a, d, e). The effect of concentration on uptake of 
"available" copper was opposite to what was expected; the 
lower concentration sediments (UC and UG) had lower percent 
uptake (averaging 7.8% and 10.1%, respectively) than the 
higher concentration sediments. In addition, when the 
percent of "available" copper found in extract and in resin 
are summed, the total was lower for low concentration 
sediments (approximately 15%) than for high concentration 
sediments (approximately 55%). While the reason for those 
low recoveries is still uncertain, copper can be evaluated 
using uptakes relative to "recovered" copper. In that 
analysis (Table 4.11 b ) , neither of the factors is 
significant.
Nickel. A more desirable outcome is evident in nickel 
uptakes by the resin (Table 4.8). The total recovery of 
"available" nickel in resin and extract was around 1 0 0 % 
indicating that all of the nickel was solubilized along with 
calcite. The only instance where a factor significantly 
affected uptake of nickel by the resin was evident in the 
comparison of sediments UC and PC (Table 4.11 e). In that 
case, a higher nickel concentration in the sediment 
decreased the percent uptake of nickel. That was an 
expected problem associated with resin use (Figure 4.4).
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Zinc. The uptakes of zinc are listed in Table 4.9. 
Statistical analyses indicate that there are no significant 
differences in the uptakes of "available" zinc caused by the 
presence of goethite or by concentration (Table 4.11 a, d, 
e). When the uptakes of "recovered" zinc are compared, the 
presence of goethite becomes a significant negative factor 
(Table 4.11 b ) . However, drawing that conclusion from the 
zinc uptake data is dubious. The random error, S, in zinc 
uptakes (Table 4.11) is so large (15% to 24% as compared 
with less than 1 0 % for the other elements) that statistical 
methods are desensitized. A possible reason for the large
error is inhomogeneous distribution of zinc in calcite.
75Work by Dube had shown that zinc concentration 
determinations for calcites varied significantly when 
calcite sample weights differed by a factor of ten. The 
amount of calcite contained in each sediment sample 
(approximately 38 mg) is below the weight range 
(approximately 1 0 0  mg) where sample inhomogeneity was 
observed.
Lead. Recoveries for lead often exceed 100% (Table 
4.10). The reason for that is still unresolved, but may be 
due to inhomogeneity, as with zinc. However, what was most 
disturbing in the lead results was that goethite had a 
significant negative effect on its uptake. In all 
comparisons, goethite caused a significant decrease (greater 
than 25%) in lead uptake by resin (Table 4.11 a - d). The 
goethite effect was so great for lead that it also gave
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rise to a significant antagonistic interaction between two 
factors, concentration and goethite presence. The effect of 
goethite is clear evidence that the resin did not
effectively compete for extracted lead. However, in 
comparison to the lead results in Chapter 3 where less than 
10% was isolated in the sodium acetate extractant (Figures 
3.2a and 3.8), the 40% (and greater) of "available" lead 
complexed by the resin represents a substantial increase.
99
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Figure 4 . 6 - 2  factorial design of model sediments.
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Table 4.6 - PDTC uptake of iron from sodium acetate
extraction of model sediments.
Sediment %found in resin %found in extract Total
UG 1.06 0.12 1.18
0.96 0.12 1.08








Table 4.7 - PDTC uptake of copper from sodium acetate
extraction of model sediment.
Sediment %found in resin %found in extract Total
UC 1.90 1.90 3.80
13.6 0.93 14.5
UG 7.05 5.81 12.9
13.1 6 .30 19.4
PC 28.0 15.4 43.4
44.3 9.81 54.1
PG 43.6 11.9 55 .5
62.3 10.9 73.2
iron added
UC 1 1 . 1 8.17 19.3
17.8 6.25 24.1
PC 36 .7 6.63 43.3
47.2 8.63 55.8
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Table 4.8 - PDTC uptake of nickel from sodium acetate
extraction of model sediments.
Sediment %found in resin %found in extract Total
UC 75.7 24.3 100
83.6 14.5 98.1
UG 75.7 32.6 107
55.9 27.9 83.8
PC 65.6 24.8 90.4
62.3 21.8 84.1
PG 63.5 22.2 85.7
75.3 21.6 96.9
Ionic iron added
UC 73.1 34.1 107
75.0 30.8 106
PC 63.5 23.9 87.4
67.1 21.8 88.9
103
Table 4.9 - PDTC uptake of zinc from sodium acetate
extraction of model sediments.
Sediment %found in resin %found in extract Total
UC 110 15.5 126
84.3 4.76 89.1
UG 71.6 27.2 98.8
40.5 16.0 56.5
PC 70.4 27.5 97.9
70.2 19.2 89.4
PG 70.1 22.6 92.6
61.8 22.7 84.5
Ionic iron added
UC 13.7 28.4 42.1
73.0 28.4 101
PC 59.3 31.7 91.0
69.5 24.5 94.0
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Table 4.10 - PDTC uptake of lead from sodium acetate
extraction of model sediments.
Sediment %found in resin %found in extract Total
UC 115 24.5 140
134 11.1 145
UG 50.0 22.0 72.0
39.5 20.6 60.1
PC 97.1 22.1 119
103 17.2 120
PG 66.3 18.9 85.2
79.5 17.4 96.9
Ionic iron added
UC 143 28.9 172
145 28.9 174
PC 92.5 19.3 112
105 15.7 121
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Table 4.11 - Statistical effects of various factors on 
resin uptake.
F{l,4)(-95)= 7.71 F(i/4 )(.99)= 21.20 F(1 ,4 )(.999)= 74.14
(* = significant) (** = Highly (*** = very Highly
Significant) Significant)
Factor #1 = Concentration Factor #2 = Goethite
a) Uptake of "available"1 metals by PDTC from UC, UG, PC, PG
Factor #1 Factor #2 Interaction
Element s Effect F Effect F Effect F
Cu 9.93 35.64 25.8** 9.56 1.85 7.24 1.06
Ni 8.69 -6.05 0.96 -4.20 0.46 9.65 2.46
Zn 14.6 -8.5 0.64 -22.7 4.84 18.4 3.24
Pb 9.22 1.85 0.08 -53.5 67.2** 26.3 16.2*
b) Uptake of "recovered"' metals by PDTC from UC, UG, PC, PG
Cu 17.3 1 1 . 0 0.81 -1 . 1 0 0 . 0 1 9.60 0.64
Ni 5.24 - 1 . 0 0 0.07 -6.50 3.06 4 .30 1.35
Zn 4 .32 -8 . 0 0 6 . 8 6  -11.3 13.6* 7 .95 6.81
Pb 5.91 6.33 2.28 -13.8 1 1 .0 * 1 0 . 2 6 . 0 0
c) Total "available" metals extracted from uc, UG, PC, PG
cu 8.55 43.9 52.7** 11.3 3.50 4.30 0.50
Ni 9.40 -7.95 1.44 0.20 9E-5 3.85 0.34
zn 20.3 -1.50 0.01 -17.5 1.44 12.4 0.81
Pb 6.17 1 . 0 0 0.05 -52.5 I4 4 *** 24.0 30.3**
d) Uptakes of "available" metals by PDTC from UC and PC with
added ionic iron and UG and PG
Cu 8.23 35.2 36.6** 3.31 0.32 7.69 1.75
Ni 8.28 -2.58 0.19 -2.08. 0 . 1 2 6.18 1 . 1 2
zn 24.1 15.5 0.81 7.10 0.16 -5.60 0.09
Pb 7.46 -8.55 2.62 -62.6 141*** 36.7 48.4**
Factor #1 = Concentration Factor #2 = Iron interference
e) Uptakes of "available" metals by PDTC UC and PC with and 
without added ionic iron
CU 8.35 28.0 22.4** 6.25 1 . 1 2 -.45 0.006
Ni 3.35
CMCMH1 26.6** -2 . 1 2 0.81 3 .48 2.16
Zn 23.1 -2.9 0.04 -29.9 3.24 24.0 2.25
Pb 8.34 -34.8 34.9** 9.10 2.37 -10.4 3.10
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Conclusions
The addition of the resin, PDTC, to the extraction 
procedure was designed to prevent redistribution of 
extracted elements. Admittedly, the preliminary results 
indicate that the resin did not perform up to expectations. 
The set of results which best exemplifies the disappointment 
was in the extraction of lead from model sediments.
Lead was clearly redistributed when goethite was 
present in the model sediments and the resin was unable to 
compete adequately. That may be due to a kinetic effect, 
since extracted lead can bind to the goethite surfaces 
faster than it can pass through dialysis membranes and bind 
with PDTC. If the membranes are the controlling kinetic 
factor, it will be necessary to find a different method for 
containing the resin. However, if the complexation by the 
resin is the controlling factor, then either another 
complexing agent or another method should be investigated.
Even with the lead results, it is premature to abandon 
PDTC as an analytical aid for extraction procedures. The 
extraction results for nickel indicate that PDTC was useful 
in preventing redistribution onto goethite. For copper and 
zinc the resin appeared to work, but specific conclusions 
are difficult to make because of unresolved analytical 
problems and sediment inhomogeneity.
The work performed thus far cannot be considered a full 
investigation of PDTC's capabilities. The results in 
Chapter 3 indicated that the Tessier extraction procedure 
was susceptible to misinterpretations because of elemental
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redistribution. If PDTC or a similar system can decrease 
(not necessarily prevent) the occurrence of redistribution 





Sample weight = approximately 1 gram
A. Add to teflon container of acid digestion bomb:
1 ) solid sample
2) 0,5 iL of water
3) 2.5 iL of aqua regia (1 part HNO3 :3 parts HCl)
4) 1.0 mL Of HF
B. Assemble acid digestion bomb in metal containment.
C. Heat bomb for 3 hours at 110°C in lab oven.
D. Remove bomb and cool to room temperature.
E. Add 1 gram of boric acid to cooled bomb contents. Stir 
well.
F. Assemble filtration apparatus. Install 0.4 ^ um PC filter. 
Rinse several times with water.
G. Filter bomb contents to remove excess boric acid. Rinse 
retentate with water.
H. Transfer filtrate quantitatively to volumetric flask 













Element Wavelength Bkgd. #1 Bkgd. # 2
Cu 324.746 nm 324.670 nm 324.783 nm
Pb 220.395 nm 220.340 nm ***
Ni 231.611 nm 231.560 nm 231.667 nm
Zn 213.900 nm 213.851 nm 213.974 nm
Fe 238.871 nm 238.768 nm 238.974 nm
ca 317.925 nm 317.865 nm 317.988 nm
A1 220.506 nm 220.312 nm 220.576 nm




77Polydithiocarbamate Resin Synthesis 
Preparation of the Polyamine-poly urea Backbone.
Dissolve 20 g of PEI-1800 in 40 mL of dimethyl 
sulfoxide (DMSO) and then in 85 mL of dioxane.
Dissolve 4.8 g of PAPI-135 in 125 mL of 
dioxane.
Transfer both polymer solutions to separatory 
funnels.
Add both solutions dropwise into 250 mL of dioxane in a 
large beaker (1000 mL). The contents of the beaker 
must be stirred continuously with a large magnetic 
stirring bar during this step. The polymer is formed 
immediately during the addition.
Continue to stir the resultant polymer suspension for one 
hour after all of the reactants have been added.
Collect the polyamine-polyurea polymer by vacuum 
filtration apparatus (Buchner Funnel and analytical 
grade filter paper).
Wash collected resin twice with 200 mL portions of 
methanol and twice with 200 mL portions of distilled, 
deionized water.
Preparation of Poly(dithiocarbamate) Resin from 
Polyamine-polyurea backbone.
Disperse the polymer produced from 36 g of PEI-1800 (I 
just doubled all weights and volumes when I ran) in a 
mixture of 150 mL of pyridine, 150 mL of carbon 
disulfide, and 400 ml of isopropanol.
Stir mixture for 5 hours to complete reaction of the 
polymer with the carbon disulfide.
Let mixture stand for 20 hours (no stirring).
Collect product by vacuum filtration. Rinse four times 
with 2 0 0  ml portions of methanol.
E. Allow product to air dry. The dry resin is an 
amorphous creamy yellow material.
F. Grind in mortar (agate) and sieve to produce desired size
fraction with U.S. standard sieves.
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